The unusual wetting phenomenon of liquid Bi on surface-porous copper has been studied. A porous layer was prepared at the surface of a copper substrate and the wetting behavior of liquid Bi on this layer was investigated and compared with that on a flat solid copper substrate. A surface-oxidized copper substrate was reduced at 473 K in H 2 to prepare a porous layer at the surface. Since the contact angle of liquid Bi on the flat solid copper substrate was gradually declining with increasing temperature, the behavior of liquid Bi on solid copper was shown to have good-wettability. In addition, the unusual wetting behavior of liquid Bi was observed on surface-porous copper substrate. This result is evidence that the pores in the porous layer are 3-dimensionally inter-connected. This usual wetting phenomenon of liquid Bi was then applied in the joining of copper wire with the surface-porous copper substrate. Bonding was successfully achieved with a minimized weld overlay at the joining point.
Introduction
In a previous study, 1) the authors found that the unusual wetting phenomena of liquid metals on iron substrates occurred when metal droplets were attached on the iron substrates prepared by oxidation and reduction processes. The liquid metals (Cu, Ag, Sn, and In) were observed to spread over a wide area on the iron substrates. Especially, liquid Cu was observed to climb a vertically aligned iron substrate, and finally the iron sample seems to be covered with Cu. It is supposed that this unusual wetting occurs by capillary phenomenon, because the oxidation and subsequent reduction of the solid iron substrate results in the formation of a porous layer at the surface of the substrate.
In this paper, oxidation and reduction processes were applied to form a surface-porous layer on copper, and the unusual wetting phenomenon of liquid Bi on this substrate was investigated for a copper substrate with the surfaceporous layer and discussed with its behavior on a flat solid copper substrate.
Recently, lead-free solders for application in solder technology have received much attention because of the environmental and health concerns over the toxicity of lead. [2] [3] [4] [5] [6] In addition, there has been much interest in establishing a means to minimize weld overlay of solders at the joining point. To improve the wettability and reduce weld overlay, a novel process to bond copper wire with copper substrates by exploiting the unusual wetting behavior of liquid Bi on copper materials is proposed.
Porous Copper Layer Formed on a Copper Substrate
Produced by Oxidation-Reduction Process
Experimental
An oxygen-free copper substrate (99.99% purity) of size 10 Â 10 Â 1 mm 3 was used in this study. The copper substrate was polished using 2000-grit emery paper and cleaned by ultrasonic agitation in acetone and ethanol. The surface of the copper substrate was oxidized at 1073 K for 1 h in air and then air-cooled to room temperature. The copper samples were reduced in H 2 , and subsequently some of the reduced substrates were held at various temperatures. The details of this heat process are described as follows. The surface-oxidized copper substrates were reduced at 473 and 573 K for 1 h in H 2 . After the oxidized sample was heated in the furnace to a given temperature at a rate of 400 K per hour under vacuum. Then, the sample was cooled to room temperature in H 2 .
In order to investigate the change in morphology of the surface porous structure with temperature during the heating process, after the oxidation and reduction processes some of the substrates reduced at 473 K were then heated to 473, 573 and 673 K at a rate of 400 K per hour in H 2 . Subsequently, the copper sample was held at each temperature for 1 h, and then cooled to room temperature at a rate of 400 K per hour in the same atmosphere.
Results
The cross-section of the copper oxide layer formed on the copper substrate was observed by using scanning electron microscopy, as shown in Fig. 1 . This backscattered electron image shows that the oxidized copper layer (of thickness 66 mm) comprised a black layer (ca. 2 mm) and a following gray layer (ca. 64 mm). Many groups [7] [8] [9] [10] have investigated copper oxidation in various conditions, and according to the brief review reported by Y. Zhu et al. 10) the black and gray layers are composed of CuO and Cu 2 O, respectively.
The cross-sections of the copper substrates reduced at 473 and 573 K for 1 h in H 2 were observed at their surface layers, as shown in Fig. 2(a) and (b), respectively.
In Fig. 2(a) , it is found that a lot of pores were formed on the surface of the copper substrate treated by the oxidationreduction process. The porous layer seen in Fig. 2(a) has a thickness of about 50 mm. These pores are produced by reducing the pre-oxidized copper layer at 473 K and removing oxygen from the oxide layer. The diameters of these pores are 0.5 mm or less, as seen in Fig. 2(a) .
A porous layer was also formed near the underlying copper substrate by the reduction of the copper oxide layer at 573 K, while a dense copper layer without pores was observed in the upper area of the reduced layer, as shown in Fig. 2(b) . Figure 3 show cross-sections of the copper layers held at 473, 573 and 673 K for 1 h in H 2 , after the surface-oxidized copper substrates were first reduced at 473 K. The structure of the porous layer held at 473 K in Fig. 3(a) is similar to the morphology of the copper sample shown in Fig. 2(a) . A large number of pores are still observed in the sample of Fig. 3(a) .
Interestingly, there is no significant change in the porous layer before and after holding at 473 K for 1 h.
The porous layer heated at 573 K was also found to retain many pores, as shown in Fig. 3(b) , but some of the pores disappeared. Although the samples seen in Fig. 2(b) and Fig. 3 (b) were heated to the same temperature of 573 K, the configuration of the porous layer seen in Fig. 3(b) is quite different from that of the sample shown in Fig. 2(b) , which was prepared by reduction of the copper oxide layer at 573 K.
It was found from Figs. 3(a), (b) and (c) that the pore sizes became larger when the samples were heated at higher temperature. Moreover, the shrinkage or disappearance of pores occurred more progressively at higher temperature. In Fig. 3(c) , although the pores produced at 473 K are still evident in the middle and lower areas of the reduced layer at 673 K, a number of dense metallic zones are also formed, especially in the upper area of the layer. Thus, it is difficult to maintain an even distribution of small pores, because these pores are partially disappeared at 673 K. 
Wetting Behaviors of Liquid Bi on Flat Solid and Surface-Porous Copper Substrate

Experimental
The sessile drop method was performed to measure the contact angle of liquid Bi on a flat solid copper substrate. An oxygen-free copper substrate (99.99% purity) of size 10 Â 10 Â 1 mm was used. The copper substrate was polished using alumina powder of 0.3 mm and cleaned by ultrasonic agitation in acetone and ethanol. A Bi rod of 2:5 mm was obtained from vacuum melting of Bi shot (99.99% purity) in a graphite crucible. An experimental apparatus for the sessile drop method is illustrated in Fig. 4 . The Bi specimen was placed on the copper substrate in the furnace before heating. The specimen was heated to 550 K in 60 min in H 2 . The contact angles of Bi droplet on the copper substrate were measured, while the specimen was heated from 550 to 1000 K at a rate of 2 K per minute in H 2 .
The surface-porous copper substrate corresponding to the sample shown in Fig. 2(a) was prepared for the wetting experiment of liquid Bi with the porous copper layer. Bi shot (99.99% purity) of about 0.06 g was used in this experiment. The copper substrate having the porous layer at its surface was vertically placed in a furnace, and the Bi specimen was attached at the bottom of the substrate. The sample was heated to 573 or 673 K in H 2 , and was held at each temperature for 50 and 20 min, respectively, and then cooled to room temperature. The rates of heating and cooling were 400 K per hour.
Results
The temperature dependence of the contact angle between liquid Bi and the flat solid copper is shown in Fig. 5 . In Liquid Bi shows a widespread to the whole copper substrate with the porous layer. Figure 6 shows the crosssection near the top end of porous layer on the copper substrate obtained from the wetting experiment of Bi at 673 K. A number of white spots of Bi were observed in the reduced copper layer, as shown in Fig. 6 , which indicated that liquid Bi had infiltrated into the porous layer. Figure 7 (a) and (b) show backscattered electron images for the surfaces of the samples heated to 573 and 673 K, respectively. In Fig. 7 , the white areas correspond to the spreading liquid Bi and the gray area indicates Cu, while the black area corresponds to cracks formed in the substrate. It is confirmed that liquid Bi, which had contacted at the bottom of the surface-porous copper substrate placed vertically in the furnace, wetted and spread over the entire surface of the substrate from the lower end to the top position. In other words, liquid Bi shows unusual wetting on solid copper. When the wetting of liquid Bi on the copper substrate at 673 K (seen in Fig. 7(b) ) is compared to the sample prepared at 573 K (seen in Fig. 7(a) ), the spread of liquid Bi on the surface of the copper substrate is more widespread at the higher temperature.
Exploiting the Unusual Wetting Behavior of Liquid Bi to Join Copper Materials
On the basis of the experimental results described in section 3.2, the unusual wetting behavior of liquid Bi was applied to the joining of a copper substrate and copper wire.
Experimental
A substrate of 20 mm Â 20 mm was cut from a rolled copper plate of 99.9% purity and 1 mm thickness. The copper substrate was polished using 2000-grit emery paper and cleaned by ultrasonic agitation in acetone and ethanol. Copper wire of 10 mm length and 0:2 mm with 99.99% purity was used in the experiment. A Bi rod of 2:5 mm was prepared by vacuum melting of Bi shot (99.99% purity) in a graphite crucible.
The surfaces of the copper substrate and copper wire were oxidized at 1073 K in air for 15 and 10 min, respectively, and then air-cooled to room temperature. The surface-oxidized samples were heated in a furnace up to 473 K at a rate of 400 K per hour under vacuum, and then held at this temperature for 30 min until the furnace temperature stabilized. The surface-oxidized copper substrate and copper wire were then reduced at 473 K for 30 min in H 2 , and finally cooled to room temperature in H 2 .
Then, the copper substrate and copper wire, both having surfaces with a porous layer, as illustrated in Fig. 8 , were joined by exploiting the unusual wetting behavior of liquid Bi on these porous surfaces. A Bi rod was put on the copper substrate while keeping it at a distance from the copper wire to prevent liquid Bi from contacting directly with the wire. The samples were then heated to 673 K in H 2 at a rate of 300 K per hour. Subsequently, the two samples were held for 20 min at 673 K, and then cooled to room temperature.
Results
The surface-porous copper substrate was joined with the reduced copper wire. The radial cross-section of the copper wire with the substrate was observed, as shown in Fig. 9 . The gray area in Fig. 9 represents copper, while the Bi is represented by the white area. Bi is observed in the porous layers formed at the surfaces of not only the copper substrate but also the copper wire. Small weld overlies were observed to have formed between these copper materials.
Discussion
The porous layer was formed at the surface of the copper substrate when the surface-oxidized substrate was reduced at 473 K, while reduction at 573 K produced the dense copper Bi rod surface-porous copper wire surface-porous copper substrate layer immediately beneath the reduced porous layer, as shown in Fig. 2(b) . Since the diffusion of copper atoms is faster at higher temperature, some of the pores partially disappeared due to sintering at 573 K. It is considered that for porous-surface copper substrates, the underlying copper substrate may work as a support base to prevent the shrinkage of the surface pores induced by the reduction process. This phenomenon has previously been observed on iron substrates.
12)
When the copper sample was reduced at 473 K and then heated to 573 K, the pores in the surface-porous layer were observed to remain. This means that the shapes of the preformed pores prepared at 473 K are maintained even at 573 K, while for the copper substrates directly reduced at 573 K from the surface-oxidized sample, these lost their uniform distribution of pores as described above.
The contact angle of liquid Bi on the solid copper substrate shows a linear change with increasing temperature, except for temperatures less than 600 K. Since an oxide film is easily formed at the surface of the liquid metal at low temperature, it is supposed that a partial oxide layer remains on the surface of the liquid Bi droplet at 600 K, which accounts for the large contact angle below this temperature. The contact angle of liquid Bi on solid copper substrate would be less than 90 at low temperatures if the metallic surface of liquid Bi could be prevented from forming a bismuth oxide layer. Thus, the BiCu system may show good wettability at temperatures above 544 K, which is the melting point of Bi.
The unusual wetting behavior is caused by the capillary force, which causes the liquid metal to penetrate the pores in the porous layer. Thus, a system comprising liquid metal and solid metal is required to show this good wetting behavior, and the contact angle of the system has to be less than 90 . 13) In addition to the good wettability, the pores in the porous layer should be 3-dimensionally inter-connected for this unusual wetting to occur. In other words, if the pores are isolated, the liquid metal is not permitted to penetrate into the porous layer. The system of liquid Bi and flat solid copper shows good wettability as described above. The combination of liquid Bi and the surface-porous copper substrate prepared in the present work satisfies these conditions for this unusual wetting behavior, as shown in Figs. 6 and 7. Liquid Bi was observed to spread to the copper substrate under the experimental condition used in this study, before the porous layer would be sintered and some isolated pores might be formed. On the basis of the above experimental results, the two kinds of copper materials having porous surfaces were joined by exploiting the unusual wetting phenomenon of liquid Bi. The explanation for the joining process of the copper materials is illustrated in Fig. 10 . Here, after melting, liquid Bi is found to penetrate the porous layer formed on the copper substrate. When liquid Bi reaches the copper wire, the liquid metal infiltrates into the porous structure of the wire as well as the porous structure of the copper substrate. Finally, Bi was found to occupy the pores in both copper materials, and thus used to join the copper substrate and copper wire together. Although a weld overlay was formed at the joining point between these two copper materials, the overlay of Bi could be minimized. This is because the weld overlay was formed as a result of the penetration of liquid Bi into the surface-porous layer on the copper substrate. It is considered that this joining method may provide a strong bonding by becoming anchored to the surface due to the infiltration of Bi into the surface-porous structures of the copper material.
Conclusions
In the present study, a surface-porous copper substrate was produced by the oxidization-reduction process. In addition, the contact angle of liquid Bi on a flat solid copper substrate was measured, and the wetting behavior of liquid Bi on a surface-porous copper substrate was investigated. In accordance with the results of these experiments, a novel process was proposed to enable the joining of copper materials with minimized weld overlay.
(1) The metallic porous copper layer is fabricated by reducing the surface-oxidized copper substrate at 473 K in H 2 . From SEM images, the pores in the porous layer have diameters of 0.5 mm or less.
(2) In the temperature range of 651-973 K, the contact angle of liquid Bi on the flat solid copper substrate changed from 79 to 42 , as the temperature was increased. (3) Liquid Bi penetrates into the porous layer formed at the surface of a copper substrate. Liquid Bi shows the unusual wetting behavior to the copper substrate. Therefore, the pores in the porous layer are found to be 3-dimensionally interconnected.
(4) A copper wire is joined with a copper substrate by exploiting the penetration of liquid Bi into the copper porous layers formed at the surface of the copper substrate and copper wire. The small weld overlay is produced at the joining point. 
